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Abstract

Objective
Studies on the acute effects of coffee on the microcirculation have shown contradicting results. This study aimed to investigate if intake of caffeine-containing coffee changes blood flow and microvascular reactivity in the skin.
Methods
We measured acute changes in cutaneous vascular conductance (CVC) in the forearm and the tip of the finger, the microvascular response to transdermal iontophoresis of acetylcholine (ACh) and sodium nitroprusside (SNP) and post-occlusive reactive hyperemia (PORH) in the skin, after intake of caffeinated or decaffeinated coffee.
Results
Vasodilatation during iontophoresis of ACh was significantly stronger after intake of caffeinated coffee compared to after intake of decaffeinated coffee (1.26 ± 0.20 PU/mmHg vs 1.13 ± 0.38 PU/mmHg, P<0.001). Forearm CVC before and after PORH were not affected by caffeinated and decaffeinated coffee. After intake of caffeinated coffee, a more pronounced decrease in CVC in the fingertip was observed compared to after intake of decaffeinated coffee (-1.36 PU/mmHg vs. -0.52 PU/mmHg, P = 0.002).
Conclusions
Caffeine, as ingested by drinking caffeinated coffee acutely improves endothelium-dependent microvascular responses in the forearm skin, while endothelium-independent responses to PORH and SNP iontophoresis are not affected. Blood flow in the fingertip decreases
Introduction
Coffee is one of the most widely consumed beverages in the world. Although it is well known to be a major source of caffeine, coffee also contains a wide range of compounds that are not all completely identified and of which the effects on the human body is yet unknown. Most studies find that regular coffee intake increases blood pressure slightly and raises plasma cholesterol and homocysteine levels [1] , whereas coffee consumption is associated with a reduced incidence of type 2 diabetes mellitus [2] , a decrease in inflammatory markers [3] and improved endothelial function [4] . Caffeine consumption also affects pain modulation [5] and interacts with skin carcinomas, with some evidence pointing at a protective effect of caffeine on malignant melanoma [6, 7] .
Prospective studies have generally not shown a consistent positive association between coffee intake and cardiovascular diseases, with some results even suggesting protective effects [8] [9] [10] . Studies on acute vascular effects of caffeine have, however, shown contradictory results, with most studies showing a slight increase elevated blood pressure and arterial stiffness [11, 12] , decreased glucose disposal [13] , and impaired endothelial function [14, 15] . On the other hand, some studies have found that caffeine causes an increase in endothelium dependent vasodilatation [16] [17] [18] . The reason for these conflicting findings may reside in the differences in study methods, study population and the presence of other compounds in coffee besides caffeine, such as some phenolic components, which are well known to have a strong antioxidant capacity. It is thus possible that this antioxidant capacity compensates for the negative effects of caffeine [19, 20] .
The microcirculation is crucial in the regulation of vascular resistance and the blood flow in tissues and critical organs. Because the skin is easily accessible, its microvascular bed is has become a popular model for studying microvascular function. The cutaneous microcirculation can be investigated noninvasively using physiological and drug provocations that specifically target vascular signaling pathways. For instance, endothelium-dependent microvascular responses can be studied using iontophoresis of acetylcholine (ACh), often combined with iontophoresis of sodium nitroprusside (SNP) as an endothelium-independent control. Postocclusive reactive hyperemia (PORH) in the skin can be used to study the involvement of sensory nerves and hyperpolarizing mechanisms. Importantly, the recent development of image-based blood flow measurement techniques has further improved the reproducibility of microvascular assessment in the skin [21, 22] .
In this double blind, randomized, placebo-controlled cross-over study, we therefore aimed to investigate if intake of caffeine-containing coffee, or decaffeinated coffee changes blood flow and microvascular reactivity in the skin. We specifically studied (1) changes in basal cutaneous vascular conductance (CVC) in the forearm and the tip of the finger using noninvasive, optical measurement techniques, (2) the involvement of the endothelium using transdermal iontophoresis of acetylcholine (ACh) and sodium nitroprusside (SNP), and (3) the involvement of sensory nerves and hyperpolarizing mechansisms using post-occlusive reactive hyperemia (PORH) following 5-minutes of forearm arterial occlusion.
Materials and Methods
Subjects
Sixteen normotensive, non-smoking subjects (8 female, 8 male) without any known cardiovascular or skin diseases, mean (standard deviation, SD) age 23.4 (2.3) years were included in the study after they had given informed and written consent. Smokers and subjects with a blood pressure above 140/90 mmHg were excluded, as microvascular function is impaired by cigarette smoking and correlated to blood pressure [23, 24] . The study subjects had a mean weight of 76.9 (11.6) kg, a mean length of 177 (8) cm and a mean BMI of 24.4 (2.7) kg/m 2 . Before the start of the experiments the subjects, who were regular coffee drinkers, were asked to refrain from eating and drinking any caffeine containing products, including coffee, tea, energy drinks and chocolate for at least 24 hours. They were also asked to avoid strenuous exercise on the day of the experiment. The study was approved by the regional ethics committee in Linköping, Sweden (DNr 2016-119/32), and was done according to the declaration of Helsinki.
Protocol
A randomized, double-blind, placebo-controlled crossover study was designed. The subjects visited the research lab on two separate visits with at least 5 days and at most 9 days in between. The subjects were randomized to either ingest caffeinated or decaffeinated coffee on their first visit. All measurements took place in the same room, at an ambient temperature of 21 ± 1°C. A schematic overview of the experimental protocol is shown in Figure 1 . Subjects were placed in semi-supine position with their arms at heart level comfortably supported by pillows. A laser Doppler flowmetry (LDF) probe was mounted to the skin of the palmar aspect of the distant phalanx of the third finger of the left hand using double adhesive tape. This LDF probe was used to measure skin perfusion continuously throughout the experiment. After 15 minutes of acclimatization, baseline measurements of blood pressure and heart rate were made. The skin of the volar side of both forearms was gently cleaned with chlorhexidine ethanol (5 mg/mL, Fresenius AB, Uppsala, Sweden). Then, baseline skin perfusion measured in a 5 x 10 cm 2 area on the medial, volar side of the right forearm was for 1 minute using laser speckle contrast imaging (LSCI). Total arterial occlusion was then induced and maintained during 5 minutes using a blood pressure cuff around the upper arm inflated to a pressure of 220 mmHg. After the blood pressure cuff was released, the PORH response was recorded until the perfusion had decreased to a stable level of at least 50% of the maximum level (typically 5 minutes after release of the cuff).
A cup of caffeinated or decaffeinated coffee (Vivalto Lungo or Vivalto Lungo Decaffeinato, Nespresso AB, Stockholm, Sweden) was prepared and consumed by the subject. Neither sugar nor milk was added. Two iontophoresis electrodes were mounted on the volar side of the left forearm, approximately 5 cm apart, and connected to the current controller. One iontophoresis electrode was filled with ACh and another was filled with either NaCl (N=6) or SNP (N=10). Forty minutes after coffee intake, the drugs were delivered simultaneously using a 10-minute, 0.02 mA anodal (ACh) and cathodal (NaCl or SNP) current. Immediately after the start of the iontophoresis, the PORH measurement was repeated on the other arm using the same protocol as before. Finally, at the end of the experiment, blood pressure was measured a second time.
Equipment
Transdermal iontophoresis was used to deliver ACh, SNP and sodium chloride (NaCl) to the skin, using an iontophoresis current controller (Prion 382, Perimed AB, Järfälla, Sweden) and transparent, ring-shaped drug delivery electrodes (LI 611, Perimed AB, Järfälla, Sweden).
Drug delivery electrodes were always placed on the volar side of the left forearm and care was taken to avoid visible veins and birthmarks. Hoofddorp, The Netherlands) was used to measure blood pressure and heart rate.
Coffee
Caffeinated and decaffeinated coffee was prepared from capsules (Vivalto Lungo and Vivalto
Lungo Decaffeinato, Nespresso AB, Stockholm, Sweden) using a commercial coffee maker (Krups Inissia, Nespresso AB, Stockholm, Sweden) shortly before intake on the day of the experiment. The caffeinated coffee contains 78 mg of caffeine per capsule whereas the decaffeinated coffee contains 0.065-0.078 mg of caffeine. The decaffeinated coffee was produced from the same type of unroasted coffee beans as the caffeinated coffee, using the Swiss water method, which removes over 99.9 % of the caffeine while preserving the other ingredients in the beans [25] .
Drugs
Acetylcholine chloride (Miochol-E, Novartis Healthcare, Denmark) and sodium chloride, 9 mg/mL (Baxter Medical AB, Kista, Sweden), were obtained from the hospital pharmacy.
Sodium nitroprusside dihydrate and caffeine were obtained from Sigma Aldrich (St. Louis, MO, USA). Drugs were dissolved in sterile water to a final concentration of 10 mg/mL. All drug solutions were prepared on the day of the experiments.
Caffeine analysis
The caffeine analysis in plasma was performed by high performance liquid chromatography (HPLC). HPLC analysis was carried out using Waters Alliance 2695 instrument (Milford, MA, USA). Chromatographic separation was obtained on a 75 mm × 3 mm (2.5 µm particle size) XBridge BEH-C18 column (Waters, Milford, MA, USA) at room temperature. Detection was made using a 996 photodiode array (PDA) detector (Waters, Milford, MA, USA). Data was collected and analyzed with the Chromeleon data system (version 7).
Stock standard solutions of caffeine were prepared in distilled water. temperatures were set at room temperature.
Data analysis
All data in text and tables are presented as mean (SD). Cutaneous vascular conductance (CVC) was calculated as perfusion, as measured using LSCI and LDF, divided by mean arterial pressure. Two-way analyses of variance (ANOVA) for repeated measures with
Sidak's multiple comparisons test were used to test whether changes in blood pressure, heart rate, and CVC were significantly different after drinking caffeinated or decaffeinated coffee.
The responses to PORH and iontophoresis were analyzed using baseline and maximum CVC as covariates, whereas fingertip CVC was analyzed before intake of coffee, and at 4 time intervals between 0 and 60 minutes after intake of coffee. 
Plasma caffeine levels
One hour after intake of caffeinated coffee, plasma caffeine levels were significantly higher compared to those measured after intake of decaffeinated coffee (1.26 ± 0.29 µg/mL and 0.21 ± 0.22 µg/mL, respectively, P < 0.001).
Blood pressure and heart rate
At baseline, there were no significant differences in systolic or diastolic blood pressure or heart rate between the subjects who would ingest caffeinated coffee and those who would ingest decaffeinated coffee (Table 1) . Although analysis of variance found no significant interaction between blood pressure or heart rate and intake of caffeinated or decaffeinated coffee, systolic blood pressure was decreased significantly 60 minutes after intake of decaffeinated coffee (baseline: 115 ± 13 mmHg; 30 min after intake: 112 ± 12 mmHg; 60 minutes after intake: 110 ± 12 mmHg; P = 0.04. After intake of caffeinated coffee, there was no significant change in systolic or diastolic blood pressure or heart rate.
Iontophoresis of ACh, SNP and NaCl
At the beginning of iontophoresis, there were no differences in CVC after intake of caffeinated coffee and decaffeinated coffee. Iontophoresis and ACh, SNP and NaCl all caused a significant increase in CVC (Table 1, Figure 2) . However, the response to iontophoresis of ACh was significantly stronger after intake of caffeinated coffee compared to the response after intake of decaffeinated coffee (caffeinated: 1.26 ± 0.20 PU/mmHg, decaffeinated: 1.13 ± 0.38 PU/mmHg, Ptime*coffee < 0.001), while no difference in responses was seen after iontophoresis of SNP (caffeinated: 1.09 ± 0.29 PU/mmHg, decaffeinated: 0.99 ± 1.09 PU/mmHg, Ptime*coffee = 0.28). No difference in responses was seen after iontophoresis of NaCl (caffeinated: 0.57 ± 0.27 PU/mmHg, decaffeinated: 0.31 ± 0.06 PU/mmHg, Ptime*coffee = 0.58).
Figure 2. Microvascular response to iontophoresis if NaCl (left, n = 6), ACh (middle, n = 16) and SNP (right, n = 10) after intake of caffeinated or decaffeinated coffee. Intake of caffeinated coffee significantly enhanced the increase in cutaneous vascular conductance (CVC) after iontophoresis of ACh (P < 0.001). No significant difference in responses were seen with NaCl (P = 0.99) and SNP (P = 0.07).
Forearm CVC and PORH response
There were no significant differences in forearm CVC between the subjects who ingested caffeinated coffee and those who ingested decaffeinated coffee (Table 1) , neither at baseline (P = 0.66) nor 45 minutes after intake of coffee (P = 0.81). Neither were there any significant differences between the PORH responses before (P = 0.47) nor 45 minutes after intake of coffee (P = 0.31).
Fingertip CVC
There were large variations in absolute CVC in the fingertip between subjects, both at baseline (2.11 ± 1.20 PU/mmHg and 2.64 ± 1.40 PU/mmHg in the decaffeinated and caffeinated groups, respectively) and after intake of coffee. Both after intake of caffeinated and decaffeinated coffee, fingertip CVC decreased with time ( Figure 3) . However, the decrease in CVC was significantly stronger between 30 and 45 minutes (-1.05 PU/mmHg vs. -0.29 PU/mmHg, P = 0.005) and between 45 and 60 minutes (-1.36 PU/mmHg vs. -0.52 PU/mmHg, P = 0.002) after intake of caffeinated coffee, compared with the decrease after intake of decaffeinated coffee. 
Figure 3. Decrease in cutaneous vascular conductance (CVC) compared to baseline (15-minute period before coffee intake) in the tip of the left middle finger (n = 16) after intake of coffee (filled circles) or decaffeinated coffee (open circles), as measured with laser Doppler flowmetry. The decrease in CVC was
Discussion
The most important finding in this study is that one hour after drinking a single cup of coffee, ACh-mediated vasodilatation in the skin is acutely enhanced. This suggests that caffeinated coffee acutely augments microvascular reactivity. At the same time, cutaneous vascular conductance in the fingertip is substantially reduced whereas it is unchanged in the skin of forearm.
Plasma caffeine levels
Drinking a single cup of caffeinated coffee resulted in caffeine plasma concentrations ranging from 0.74 to 1.69 µg/mL after 60 minutes, while concentrations after drinking decaffeinated coffee ranged between 0 and 0.77 µg/mL. We did not register how much coffee the subjects consumed regularly, but we know that the majority of the subjects were regular coffee drinkers. Despite the fact that subjects were asked to refrain from the ingestion of any caffeine containing products for at least 24 hours before the experiment, the plasma caffeine levels measured after intake of decaffeinated coffee can be explained by earlier intake of coffee or other caffeine containing products by the subjects. Caffeine is almost completely absorbed within 45 minutes of ingestion [26, 27] . The mean half-life of caffeine in plasma of healthy subjects is about 5 hours, although it may vary between 2 and 8 hours as a result of innate individual differences, as well as physiological and environmental factors influencing the metabolism of caffeine. In particular, the use of oral contraceptives is known to increase caffeine plasma half-life [28] , whereas it does not seem to be dependent on the menstrual cycle [29] .
Blood pressure and heart rate
In most studies coffee drinking acutely raised systolic and diastolic blood pressure. The pressor effect of coffee is believed to be caused by caffeine, which inhibits adenosine receptors and increases circulating norepinephrine concentrations. A dose of 200-250 mg of caffeine has been found to increase systolic blood pressure by 3-14 mmHg and diastolic blood pressure by 4-13 mmHg in normotensive subjects, with a maximum effect reached after 60 minutes [11] . Based on these findings, we hypothesized that blood pressure would increase by 1-4 mmHg after intake of caffeinated coffee in our study. Instead, blood pressure decreased slightly during the first 60 minutes, both after caffeinated and decaffeinated coffee intake, although this decrease was more pronounced and reached significance after intake of decaffeinated coffee. The small decrease in blood pressure observed during the experiment can be explained by the fact that subjects were lying semi-supine throughout the experiment and may not have been completely hemodynamically acclimatized when the baseline blood pressure was measured. Possibly, the caffeine content used in our study was too low to cause a measurable effect on blood pressure with the number of subjects included in the current study, in agreement with a previous study in which no significant increase in peripheral systolic blood pressure was found after intake of coffee containing 80 mg of caffeine [12] .
Also, caffeine increases blood pressure more in hypertensive and older subjects, compared to normotensive, younger subjects, that were included in our study [30, 31] .
Yet another possible explanation for the absence of an increase in blood pressure is that at least some of the subjects were regular coffee drinkers. Evidence on whether or not the pressor effect of caffeine is affected by tolerance is conflicting, although some studies have presented a decreased pressor responses within a few days of the start of regular intake of caffeine. In other studies, however, caffeine was still able to elevate blood pressure during habitual consumption. Moreover, the development of tolerance to the pressor effect of caffeine may vary between individuals [11] .
Effects of coffee on microvascular function
This is the first study in which the effects of coffee on endothelium-dependent vasodilation observed after iontophoresis of ACh and SNP were investigated. We found that this response was significantly stronger when subjects had ingested caffeinated coffee, compared to the response after ingesting decaffeinated coffee. Although the vasodilatory response to SNP was stronger after drinking caffeinated coffee, this effect was not significant. When ACh binds to muscarinic receptors of endothelial cells, they release nitric oxide, causing relaxation of smooth muscle cells. Iontophoresis of ACh in the skin has therefore become an established method to assess endothelial function. Other mechanisms have also been suggested to be involved in the microvascular response to ACh in the skin, including stimulation of prostaglandins and endothelium-derived hyperpolarizing factor [32] [33] [34] . SNP is an NO donor that directly causes smooth muscle relaxation independent of endothelial function. Because the iontophoretic current in itself can cause vasodilatation [35, 36] in the absence of any drug effect, the nonspecific vasodilatory response is often assessed using iontophoresis of NaCl.
Although there are not many studies that specifically have investigated the microvascular effects of coffee intake in the skin, our findings are largely in agreement with previous findings regarding effects of coffee or caffeine on general endothelial function. In the isolated rat aorta, caffeine caused endothelium-dependent relaxation through release of calcium ions from the endoplasmatic reticulum and the suppression of degradation of cyclic guanosine monophosphate, as well as endothelium-independent vasodilatation through suppression of cAMP degradation [16, 37] found that 300 mg caffeine increased forearm blood flow in response to intra-arterial infusion of ACh, which could be reversed by co-infusion of the nitric oxide synthase inhibitor L-NMMA, suggesting an involvement of nitric oxide. Likewise, intake of 200 mg caffeine capsules improved endothelial function assessed by brachial artery flow-mediated dilatation (FMD) in subjects with and without coronary artery disease [17] . In women with type-2 diabetes, coffee consumption was inversely associated with plasma markers of inflammation and endothelial dysfunction [38] . In contrast, at least two studies have found an acute impairing effect of coffee on endothelial function when assessed using flow-mediated dilatation [14, 15] . In both studies, subjects were studied after an overnight fast, whereas in our study, subjects were allowed to eat on the morning of the experiment.
Polyphenols in coffee may improve postprandial hyperglycemia and endothelial function [39, 40] and a synergistic effect between caffeine and these antioxidants may have caused the improvement in endothelial function that we found in our study. Also, in these contrasting studies, responses were measured in the brachial artery, which is a large conducting vessel, whereas we studied responses in the skin microcirculation. Indeed, augmenting effects on endothelial function have mainly been found in the microcirculation, whereas impairing effects have been observed in large conduit vessels [18] . Finally, differences in brewing methods and in concentration of various active ingredients in coffee may exist between studies. The findings in this study, together with the findings from previous studies, however suggest that intake of caffeinated coffee has an augmenting effect on endothelium-dependent microvascular function, with involvement of the nitric oxide pathway.
The PORH response in the forearm skin was not affected by the intake of caffeinated coffee or decaffeinated coffee. In the skin, the PORH response is dependent on sensory nerves and hyperpolarizing mechanisms involving cytochrome epoxygenase metabolites and BKCa channels, whereas prostanoids and nitric oxide are not involved [41, 42] . It is noteworthy that the mechanisms in the response in the skin are different from the mechanisms involved in reactive hyperemia in larger conductance vessels such as the radial or brachial arteries, which is largely dependent on nitric oxide and endothelium derived hyperpolarizing factor [43, 44] .
Our findings therefore indicate that sensory nerves and hyperpolarizing mechanisms are not affected by intake of either caffeinated coffee or decaffeinated coffee. This is consistent with our finding that the vasodilatory response to iontophoresis of NaCl was not different after drinking caffeinated coffee and decaffeinated coffee, as this response also is mediated by activation of local sensory nerves. On the other hand, our findings disagree with those of Noguchi et al. [18] who found an improvement in PORH response in the finger after intake of caffeinated coffee. There were however a number of differences between their study and ours.
Their study population consisted of healthy, Japanese subjects, whereas ours were healthy Swedish subjects and genetic differences in the ability to metabolize caffeine may exist between populations [45] . Furthermore, the plasma caffeine levels reached in our study were lower than in theirs and they used an occlusion time of 1 minute, measuring blood flow in the finger, whereas we occluded the upper arm for 5 minutes.
Blood flow in forearm skin and fingertip
Blood flow in the forearm skin was not different before and 45 minutes after intake of either caffeinated coffee or decaffeinated coffee. Within the first hour after intake of a single cup of caffeinated coffee, however, a substantial vasoconstriction in the microvascular bed of the fingertip was observed, about two to three times as strong as the decrease seen after intake of decaffeinated coffee. This is in agreement with previous findings in which caffeinated coffee intake also significantly reduced finger blood flow [18] .
In vitro studies have shown that caffeine produces transient contractions of arterial smooth muscle, and contractions on the venous side, caused by changes in intracellular calcium concentrations [11] . Furthermore, caffeine acts as a competitive inhibitor of the adenosine receptors of type A1, A2a, and b [46] . Since stimulation of adenosine receptors induces vasodilatation, caffeine may shift the balance between vasodilatory and contractile mechanisms, causing increased vasoconstriction. Thus, the fact that caffeinated coffee caused a net vasoconstriction in the fingertip can be the result of both a direct effect of caffeine on smooth muscle cells, and a direct effect via inhibition of adenosine receptors. The microvascular beds of the fingertip and the forearm differ in various regards, including the capillary density, the heterogeneity and the density of arteriovenous anastomoses. Also, there are differences in measurement depth between LDF and LSCI. These facts may explain why vasoconstriction was observed in the finger tip but not in the forearm.
It should be noted that, in contrast with other studies, we did not observe an increase in blood pressure after subjects ingested caffeinated coffee. Thus, the vasoconstriction response in the fingertip after drinking caffeinated coffee manifests itself in the absence of any systemic changes in blood pressure.
Strengths and limitations
The main strengths of this study are its design and the methods used to assess microvascular function. We chose to study the effects of drinking a single cup of coffee instead of high doses or pure caffeine, so that any findings are relevant with respect to typical coffee consumption. We eliminated the influence of many confounding variables by using a double blind, randomized, placebo controlled crossover trial. We used LSCI for the measurement of microvascular responses in the skin, which enables measurement of blood flow in a large skin area with high spatial and temporal resolution [21, 22] . Important with regards to the crossover design in this study, the technique has excellent day-to-day reproducibility, which has been attributed to the fact that blood flow changes can be assessed in an area instead of in a single point.
The study population consisted of 16 healthy subjects, and we have to acknowledge the fact that some effects could have gone undetected because of the limited power of the study. We can particularly not rule out that the some of the studied effect parameters would have reached significance if a larger number of subjects had been included in the study. The addition of a water control would have resulted in a more complete understanding of the effects of other constituents in coffee, although it would have been impossible to study this in a doubleblinded fashion.
Finally, this cohort of young medical students may be healthier than subjects in previous studies and included both coffee abstainers and habitual coffee drinkers.
Conclusion
To conclude, the findings in this study suggest that caffeine, ingested through drinking a single cup of caffeinated coffee causes improved endothelium-dependent microvascular reactivity within an hour after intake. Also, caffeine in coffee acutely reduces basal blood flow in the fingertip.
Highlights
• Although the long-term effects of coffee consumption on cardiovascular health have been studied extensively, the short-term effects of coffee on microvascular and endothelial function have shown contradicting results.
• One hour after drinking a single cup of coffee, endothelium-dependent vasodilatation in the skin is acutely enhanced, while blood flow in the fingertip is substantially reduced.
• These findings suggest that intake of caffeine through drinking caffeinated coffee acutely augments microvascular reactivity.
